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SUidit,_RY  
Visual methods have been used together with a yawmeter 
to illustrate conditions of flag in the boundAry layer over a 
sweptback wing. It was found that at moderate incidences a marked 
outflow in the boundary layer was developed. At higher incidences 
(about 16°) what appears to be laminar separation with reattachment 
occurred at the leading edge near the root; this manifests itself as a 
standing vortex. At a somewhat lower incidence (12°) a region of 
separated flow in the turbulent boundary layer developed at the 
trailing edge. 	 The extent of this reglion was found to increase 
with increase of incidence. Boundary layer thickness was found to 
increase rapidly towar..5 the trailing edge and slightly as the tip 
was approached. Men the angle of outflow became equal to the 
angle of sweepback (i.e. the chordwise flow was on the point of 
separation) the spanwise boundary layer profiles showed marked 
deviation from the 1/7th power law, but at lower• 	 incidences the 
span rise flaw profiles approximately followed this law. 
Most of the work described in this report was described by the 
first two authors in a report submitted in part fulfilment of the 
requirements for the award of the College Diploma. 
NOTATION  
Angle of incidence 
x 	 Distance aft of leading edge 
y 	 Spanwise distance from 	 of wing 
z 	 Distance from surface, measured normal to surface 
c 	 L3ngth of the chord 
s 	 Semi span 
Non-dimensional spanwise distance (= yj's) 
6 	 Boundary layer thickness 
iI 	 Local velocity outside 'boundary layer 
Local velocity inside boundary layer 
u 	 Chordwise component of velocity (normal to leading edge) 
Spanwise component of velocity (parallel to leading edge) 
q 	 1 Local dynamic head = --f poi. 
p 	 Local static pressure 
Local total head. 
Pl,P2  Pressures recorded in the tubes of the yawrneter 
P1 -13  
= R 
R 2 	 = 
P7-P 
3 	 Angle be L 	ueen yaw meter axis and local direction of flow 
Angle of local flow to free stream direction 
Suffix o refers to free stream values. 
Introduction ... 
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1 .  I n t r o d u c t i o n  
T h i s  p a p e r  d e s c r i b e s  o n e  o f  a  s e r i e s  o f  i n v e s t i g a t i o n s  
i n t o  t h e  a e r o d y n a m i c  c h a r a c t e r i s t i c s  o f  s w e p t  b a c k  w i n g s  a t  l o w  
s p e e d s  t h a t  a r e  b e i n g  m a d e  a t  t h e  C o l l e g e  o f  A e r o n a u t i c s .  A  
p r e v i o u s  p a p e r
4  
d e s c r i b e d  t h e  r e s u l t s  o f  m e a s u r e m e n t s  o f  p r e s s u r e  
d i s t r i b u t i o n s  w i t h  t r a i l i n g  e d g e  s p l i t  f l a p s ;  t h i s  p a p e r  i s  
c o n c e r n e d  w i t h  m e a s u r e m e n t s  o f  t h e  b o u n d a r y  l a y e r  o n  a  s w e p t  b a c k  
w i n g .  F e w  s u c h  m e a s u r e m e n t s  h a v e  b e e n  m a d e  t o  d a t e ,  a n d  i t  w a s  
f e l t  t h a t  t h e s e  r e s u l t s  s h o u l d  b e  o f  i n t e r e s t  p a r t i c u l a r l y  i n  
i n d i c a t i n g  w h e r e  f u t u r e  r e s e a r c h  s h o u l d  b e  d i r e c t e d .  
T h e s e  t e s t s  w e r e  m a d e  i n  1 9 5 1 - 2  i n  t h e  N o .  2  W i n d .  T u n n e l  
a t  t h e  C o l l e g e  o f  A e r o n a u t i c s .  F o r  t h e s e  t e s t s  a  s i m p l e  w i n g  w a s  
c h o s e n ,  h a v i n g  c o n s t a n t  c h o r d  a n d  n o  t w i s t ,  a n d  t h e  o b j e c t  o f  t h e  
t e s t  w a s  t o  p r o v i d e  d a t a ,  b o t h  q u a l i t a t i v e  a n d  q u a n t i t a t i v e ,  o n  t h e  
f l o w  i n  t h e  b o u n d a r y  l a y e r ,  a n d  f o r  t h i s  p u r p o s e  v i s u a l  a n d  d i r e c t  
m e a s u r e m e n t  t e c h n i q u e s  w e r e  u s e d .  
2 .  
D e t a i l s  o f  A p p a r a t u s  a n d  T e c h n i q u e s   
2 . 1 .  G e n e r a l  D e t a i l s   
T h e  m o d e l  u s e d  w a s  c o n s t r u c t e d  o f  l a m i n a . t e d  m a h o g a n y .  
I t  r e p r e s e n t e d  a  w i n g  w h o s e  c h o r d  w a s  c o n s t a n t .  T h e  s p a n  w a s  
3 0  i n .  a n d  t h e  a s p e c t  r a t i o  w a s  4 .  	
T h e  a e r o f o i l  s e c t i o n  p a r a l l e l  
t o  t h e  f r e e  s t r e a m  d i r e c t i o n  w a s  1 0  p e r  c e n t  t h i c k  a n d  s y m m e t r i c a l .  
T h e  m a x i m u m  t h i c k n e s s  o c c u r r e d  a t  3 0  
p e r  c e n t  o f  t h e  c h o r d  a f t  o f  
t h e  l e a d i n g  e d g e  a n d  t h e  s e c t i o n  h a d  a n  e l l i p t i c a l  n o s e  a n d  a  
s t r a i g h t  t r a i l i n g  e d g e .  
T h e  m o d e l  w a s  s u s p e n d e d  f r o m  t h e  b a l a n c e  i n  t h e  N o .  2  
r i n d  T u n n e l ,  a n d  t h e  t u n n e l  s p e e d  f o r  a l l  t e s t s  w a s  a p p r o x i m a t e l y  
1 3 0  f t / s e c .  c o r r e s p o n d i n g  t o  a  R e y n o l d s  n u m b e r  o f  0 . 5 2  x  1 0
6   b a s e d  
o n  w i n g  c h o r d .  
T h e  p h o t o g r a p h s  w e r e  t a k e n  w i t h  a  s i m p l e  
3 5 m m  
c a m e r a  
p l a c e d  o n  c i r c u l a r  a r c  t r a c k  i n  t h e  p l a n e  o f  s y m m e t r y  o f  t h e  m o d e l .  
T h i s  e n a b l e d  u n d i s t o r t e d  p i c t u r e s  o f  t h e  w i n g  t o  b e  t a k e n  o v e r  a  
w i d e  r a n g e  o f  i n c i d e n c e  a n d  y a w .  
2 . 2 .  T u f t  T e c h n i q u e   
N y l o n  t h r e a d s  1 . 1  i n .  l o n g  w e r e  g l u e d  t o  t h e  t o p s  o f  p i n s  
t o  i n v e s t i g a t e  t h e  l o c a l  d i r e c t i o n s  o f  f l o w  a t  v a r i o u s  d i s t a n c e s  
f r o m  t h e  w i n g  s u r f a c e .  T h e  p i n s  w e r e  t a p p e d  i n t o  t h e  s u r f a c e  o f  
t h e  w i n g  a t  2 8  s p a n w i s e  p o s i t i o n s  a n d  s p a c e d  a l o n g  c h o r d  l i n e s  a t  
p o s i t i o n s  s t a g g e r e d  b e t w e e n  p o r t  a n d  s t a r b o a r d  w i n g s  a s  s h o w n  i n  
f i g .  1 .  	
T h e  p i n s  w e r e  c u t  f i r s t  a t  3 / ) 4 n .  f r o m  t h e  s u r f a c e  a n d  
/ t h e  t u f t s  . . .  
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the tufts were glued to them so that the tufts trailed approximately 
downstream. The behaviour of the tufts was observed over a wide range 
of angles of incidence including both positive and negative angles, 
giving in effect the flow patterns close to both upper and lower 
surfaces. A limited number of tuft observations were also made 
with the model yawed. 
The pins were cut off successively to 1/2, 1/4 and 1/8in., 
and each time fresh tufts were glued on and the tests were repeated. 
Finally the pins were removed and the tufts stuck directly onto the 
wing surface. 
Photographs were taken with the wind on and the resulting 
negatives were projected on to a ground glass screen. Tracings 
were taken showing the flow directions as streamlines, and the 
results for the various distances from the wing surface were 
collected for comparison. 
	 Incidences of 8°, 10° 
 and 12°  were chosen 
as of most interest and the tracings were photographically reduced 
to produce figs. 2,3 and 4. 
2.3. Lamp Black Technique  
This method of flow visualisation due to Black (ref.1) was 
used to illustrate the flow pattern in the boundary layer immediately 
adjacent to the wing surface. Briefly, the technique consisted of 
spraying the surface of the wing uniformly with a suspension of lamp 
black in paraffin. The wing was then sat to the required incidence 
and the tunnel speed was quie-ly adjusted. Then the spreading of 
the liquid left traces of lamp black along the streamlines of the 
boundary layer flow very close to the surface, and evaporation of the 
paraffin resulted in a pattern of lamp black which could be studied 
and photographed at leisure. 
For proper interpretation of the dried pattern it was found 
desirable to have watched the formation of the pattern while the 
tunnel was running, noting the appearance of the surface of the 
liquid in motion in order to assess the relative speeds of the flow 
over different areas of the wing. 
Photographs of the patterns together with explanatory 
diagrams are reproduced here as figs. 5 to 14. 
2.4. Yawmater Measurements 
Traverses were made with a yaw meter to obtain quantitative 
measurements in the interesting regions indicated by the two visual 
techniques described above. The yaw meter head used in these tests 
consisted of two parallel tubes of 1mm diameter with the open ends 
/chamferred 
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c h a m f e r r e d  t o  a n  i n c l u d e d  a n g l e  o f  7 0
°
.  T h i s  t y p e  o f  y a w m e t e r  i s  
d u e  t o  0 .  C o n r a d  o f  G o t t i n g e n ,  t h e  f i r s t  p u b l i s h e d  d a t a  o f  w h i c h  
a p p e a r e d  i n  r e f e r e n c e  2 .  T h i s  t y p e  o f  i n s t r u m e n t  i s  a p p r o x i m a t e l y  
t w i c e  a s  s e n s i t i v e  a s  a  c o n v e n t i o n a l  c l a w  t y p e  y a w m e t e r ,  a n d ,  a f t e r  
c a l i b r a t i o n ,  i t  i s  p o s s i b l e  t o  d e t e r m i n e ,  i n  a d d i t i o n  t o  t h e  l o c a l  
d i r e c t i o n  o f  t h e  f l o w ,  b o t h  s t a t i c  a n d  d y n a m i c  p r e s s u r e s  f r o m  a  
c o m p a r i s o n  o f  t h e  r e a d i n g s  i n  t h e  t w o  t u b e s .  T h e  m e t h o d  i s  
d e s c r i b e d  i n  t h e  A p p e n d i x ,  w h e r e  d e t a i l s  a r e  a l s o  g i v e n  o f  t h e  
c a l i b r a t i o n .  
T h e  y a w m e t e r  w a s  , b u n t e d  o n  a  t u r n t a b l e  w i t h  t h e  a p e x  o f  
t h e  m o u t h s  o f  t h e  t u b e s  a r r a n g e d  t o  b e  o n  t h e  a x i s  o f  r o t a t i o n  o f  
t h e  t u r n t a b l e .  A  m i c r o m e t e r  s c r e w  t h r e a d  a n d  a n d  b a r r e l  w a s  
i n c o r p o r a t e d  i n  t h e  s y s t e m  w h i c h  e n a b l e d  t h e  l e v e l  o f  t h e  y a w m e t e r  
t o  b e  a l t e r e d  i n  v e r y  s m a l l  i n c r e m e n t s .  P r o v i s i o n  w a s  m a d e  o n  t h e  
t u r n t a b l e  i t s e l f  f o r  t h e  p o s i t i o n  o f  t h e  y a w m e t e r  h e a d  t o  b e  v a r i e d  
a t  w i l l .  
T o  d e t e r m i n e  a  b o u n d a r y  l a y e r  p r o f i l e  t h e  y a w m e t e r  w a s  
u s e d  i n  t h e  f o l l o w i n g  m a n n e r .  T h e  h e a d  w a s  m o v e d  t o  t h e  d e s i r e d  
p o s i t i o n  o n  t h e  w i n g  s u r f a c e ,  a n 0 _ ,  w i t h  t h e  w i n d  o n ,  t h e  y a w m e t e r  
w a s  a d j u s t e d  u n t i l  i t  j u s t  t o u c h e d  t h e  w i n g  s u r f a c e .  R e a d i n g s  w e r e  
t a k e n  w h i c h  e n a b l e d  t h e  s t a t i c  a n d  d y n a m i c  p r e s s u r e s  t o  b e  c a l c u l a t e d  
a t  t h a t  p o i n t ,  a n d  f r o m  t h e  m e a s u r e d  a n g l e  o f  o u t f l o w  t h e  v e l o c i t y  
c o m p o n e n t s  a l o n g  d i r e c t i o n s  p a r a l l e l  a n d  n o r m a l  t o  t h e  l e a d i n g  e d g e  
c o u l d  a l s o  b e  d e t e r m i n e d .  
S u c h  r e a d i n g s  w e r e  o b t a i n e d  o v e r  s m a l l  i n c r e m e n t s  o f  
d i s t a n c e  f r o m  t h e  w i n g  s u r f a c e  a n d  t h e  r e s u l t s  a r e  p r e s e n t e d  a s  
b o u n d a r y  l a y e r  p r o f i l e s  i n  t h e  t w o  c o m p o n e n t  d i r e c t i o n s .  
T h r e e  s e r i e s  o f  r e a d i n g s  w e r e  o b t a i n e d  a s  f o l l o w s . —  
( i )  
A t  o n e  p o s i t i o n ,  1 1  =  0 . 5 ,  x / c  =  
0
. 9 5 ;  f o r  i n c i d e n c e s  0
°
,  8 ° ,  
1 0 ° ,  1 2 ° .  	
( s s e  f i r s .  1 5  t o  1 8 ) .  
( i i )  
A t  o n e  i n c i d e n c e ,  1 0 °
,  r l  =  0 . 5 ;  f o r  c h o r d w i s e  s t a t i o n s  
x / c  =  0 . 3 , 0 . 5 , 0 . 7 , 0 . 9 5 .  ( s e e  f i g s .  1 9  t o  
2 2 ) .  
( i i i )  A t o n e  i n c i d e n c e ,  1 0
°
,  x / o  =  0 . 9 5 ;  
f o r  
s p a n w i s e  s t a t i o n s  
r l  
=  0 . 1 5 , 0 . 3 , 0 . 5 , 0 . 7 .  	
( s e e  f i g s .  2 3  t o  2 6 ) .  
3 .  
D i s c u s s i o n   
3 . 1 .  
T h e  T u f t  E x p l o r a t i o n s  
O n  t h e  * h o l e ,  t u f t i n g  w a s  f o u n d  t o  g i v e  a  f a i r l y  r e l i a b l e  
i n d i c a t i o n  o f  t h e  l o c a l  d i r e c t i o n s  o f  f l o w ,  a l t h o u g h ,  a t  t h e  s u r f a c e ,  
f a x  m o r e  d e t a i l s  a r e  g i v e n  b y  t h e  u s e  o f  t h e  l a m p b l a c k  t e c h n i q u e .  
/ T h e  m e t h o d  . . .  
The method of reduction of the tuft results in this particular test 
produced a slight underestimate of the amount of outflow due to the 
fact that the tufts were glued onto pins and tended to lie along 
curves. The most useful and accurate parts of these curves 
occurred near the free end of the tuft, and in many cases this was 
unsteady. 
The tufts could be relied upon to give the local flow 
directions with fair accuracy up to an incidence of approximately 
12°, but at higher incidences the tufts became unsteady, particularly 
so near the tips. This region of disturbed flow extended inboards 
with increase in incidence. A similar effect has been observed(3) 
during sane tests on a tapered wing with similar aspect ratio and 
sweepback but with a circular arc aerofoil section. 	 In this case 
the onset of unsteadiness near the tips occurred at a slightly 
lower incidence. 
Figs. 2 to 4 show the directions of flow over the unyawed 
wing. Consistent with the senses of the wing tip trailing vortices 
there was found to be a slight ouflow on the lower surface at all 
distances from the surface. The amount of this outflow was found 
to have little variation with incidence over the range considered. 
At distances greater than about a quarter of an inch from 
the upper surface there was a slight inflow. This was confirmed by 
the traverses with the yawneter (see, for example, fig. 15). 	 For 
smaller distances than 1/4in. from the surface a strong outflow 
developed in the boundary layer towards the rear with the greatest 
deviations from the free stream direction occurring at the surface 
of the wing. This is to be expected since the adverse pressure 
gradient aft of the peak suction reduces the chordwise component of 
velocity by tending to produce a separation type of velocity profile 
in that direction, whilst the spanwise velocity profile 
is much less affected, consequently the flow adjacent to the wing 
is deflected through the largest angle. 
The amount of outflow adjacent to the surface was in all 
cases found to increase towards the trailing edge. This outflow 
was found tc develop near the root and to increase along the span; 
at low incidences this outflow appeared to reach a maximum  at 1 W 0.75. 
Below an incidence of 8° the outflow was comparatively slight, but 
between 8°  and 12°  of incidence it developed rapidly until at 12°  
the direction of flow at the trailing edge was parallel to the 
trailing edge. All these effects are also clearly shown in the 
lampblack pictures in figs. 5,6 and 7. 
In figs. 2,3 and 14. a spanwise flow off the tips is shown, 
particularly at the higher incidence. It would be expected that 
/the flew ... 
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t h e  f l o w  w o u l d  t a k e  u p  t h e  f r e e  s t r e a m  
d i r e c t i o n  a t  a  s h o r t  
d i s t a n c e  
o u t b o a r d  o f  t h e  t i p ,  b u t  t h i s  a r e a  w a s  n o t  i n v e s t i g a t e d  f u l l y .  
T h e  e f f e c t  o f  y a w i n g  t h e  m o d e l  w a s  f o u n d  t o  i n c r e a s e  t h e  
o u t f l o w  o n  t h e  b a c k w a r d  m o v i n g  w i n g ,  a n d  t o  d e c r e a s e  i t  o n  t h e  
f o r w a r d  
m o v i n g  w i n g .  
T h i s  w a s  e q u i v a l e n t  t o  a n  i n c r e a s e d  a n d  
d e c r e a s e d  a n g l e  o f  s w e e p b a c k  o f  t h e  r e s p e c t i v e  h a l f  w i n g s .  A t  1 0
°   
o f  y a w  a n d  a n  i n c i d e n c e  o f  1 2
°  
 t h e  w i n g  w i t h  i n c r e a s e d  s w e e p b a c k  d e v -  
e l o p e d  a  f o r w a r d  f l o w  
n e a r  
t h e  s u r f a c e  o v e r  t h e  l e a d i n g  e d g e  n e a r  t h e  t i p ,  
a n d  f u r t h e r  i n c r e a s e  i n  a n g l e  o f  y a w  p r o d u c e d  t h i s  t y p e  o f  f l o w  a t  
l o w e r  i n c i d e n c e s .  A t  2 0
°   o f  y a w  a n d  1 2 0  
 i n c i d e n c e  t h i s  f l o w
.  
 h a d  
b e c o m e  s u f f i c i e n t l y  t h i c k  f o r  a  t u f t  1 / 1 4 n .  f r o m  t h e  s u r f a c e  t o  b e  
a f f e c t e d .  
3 . 2 .  T h e  L a m p b l a c k  S t u d i o s   
T h e  l a m p b l a c k  t e c h n i q u e  w a s  f o u n d  t o  b e  e x t r e m e l y  u s e f u l  
i n  o b s e r v i n g  t h e  f l o w  a d j a c e n t  t o  t h e  w i n g  s u r f a c e .  T h e  t e c h n i q u e  
w a s  p a r t i c u l a r l y  i n f o r m a t i v e  i n  t h a t  i t  w a s  p o s s i b l e  t o  s t u d y  t h e  
r e l a t i v e  s p e e d s  o f  f l o w  a s  t h e  p a t t e r n  d e v e l o p e d .  I n  a n a l y s i n g  t h e  
f l o w  c h a r a c t e r i s t i c s  s h o w n  b y  t h i s  m e t h o d  i t  m u s t  n o t  b e  f o r g o t t e n  
t h a t  t h e  i n c i d e n c e  o f  t h e  
w i n g  w a s  s e t  b e f o r e  t h e  t u n n e l  w a s  s t a r t e d .  
T h i s  w a s  r e q u i r e d  b e c a u s e  o f  t h e  r a p i d i t y  w i t h  w h i c h  p a r t s  o f  t h e  
p a t t e r n  w e r e  f o r m e d .  
	
I t  w a s  t h o u g h t ,  h o w e v e r ,  t h a t  n o  s e r i o u s  
e r r o r s  w e r e  i n t r o d u c e d  b y  t h i s  t e c h n i q u e .  
I n  t h e  p r e s e n t  s e r i e s  o f  t e s t s  t h e  s t r e a m l i n e  i n d i c a t i o n  
o f  t h e  d i r e c t i o n s  o f  l o c a l  f l o w  a g r e e d  v e r y  w e l l  w i t h  t h e  y a w m e t e r  
m e a s u r e m e n t s .  H o w e v e r ,  t h e  r e s u l t i n g  p a t t e r n s  a p p e a r  t o  d i f f e r  i n  
s o m e  m e a s u r e  f r o m  t h o s e  p r o d u c e d  b y  B l a c k
( 1 )
,  t h a t  h i s  r e s u l t s  
d o  n o t  i n d i c a t e  t h e  ' h e r r i n g - b o n e '  p a t t e r n  f o u n d  i n  t h e s e  t e s t s .  
B y  o b s e r v i n g  t h e  l a m p b l a c k  p a t t e r n s  d u r i n g  t h e i r  f o r m a t i o n  
i t  w a s  s e e n  t h a t  a  f a s t  f l o w  n e a r  t h e  s u r f a c e  l e f t  a  p a t t e r n  
r e l a t i v e l y  c l e a r  o f  l a m p b l a c k  w h i c h  s h o w s  u p  o n  t h e  p h o t o g r a p h  a s  a  
l i g h t e r  a r e a  ( s e e ,  f o r  e x a m p l e ,  
f i g .  
7  
n e a r  m i d _  s e m i s p a n  t o w a r d s  
t h e  t r a i l i n g  e d g e ) .  C o n v e r s e l y ,  d e n s e  c o n c e n t r a t i o n s  o f  l a m p b l a c k  
i n d i c a t e  v e r y  s l o w  m o v e m e n t  o f  t h e  
s u r f a c e  f l o w .  
T h i s  w a s  f o u n d  t o  
t a k e  t h r e e  d i s t i n c t  f o r m s . -  
( 1 )  
a  c r e e p i n g  f l o w  a l o n g  t h e  l e a d i n g  e d g e  o f  t h e  u p p e r  
s u r f a c e  ( f o r  e x a m p l e  s e e  f i g .  ; )  
( 2 )  
a  ' h e r r i n g - b o n e '  p a t t e r n  s p r i n g i n g  f r o m  t h e  a p e x  o f  t h e  
w i n g ,  s u g g e s t i n g  a  l i n e  o f  r e a t t a c h m e n t  o f  t h e  f l a w .  
	 ( S e e  f i g .  
9 )  
( 3 )  
A  
s t a n d i n g  v o r t e x  o n  t h e  u p p e r  s u r f a c e  n e a r  t h e  l e a d i n g  
e d g e  ( a  g o o d  e x a m p l e  o f  t h i s  c a n  b e  s e e n  i n  f i g .  
9  n e a r  t h e  m i d  
s e m i s p a n  o f  t h e  p o r t  w i n g ) .  
/ F i g s .  
•  •  •  
-8- 
Figs. 5 and 6 show the type of flow below 10°  incidence, 
with uniform outflow developing towards the trailing edge, and with 
a creeping spanwise flow just after the leading edge. The flow at 
incidences of 12°  and 1J ° 
 (figs. 7 and 8 respectively) was similar 
to that at lower incidences, but over the rear half of the wing 
the flow collected into a fast outward moving stream which travelled 
forwards from the trailing edge and outwards taaards the front of 
the wing tip. This indicates a region in which there has occurred 
separation of the turbulent boundary layer. This region has been 
labelled R in fig. 7. This region of separation has spread 
forwards and inward towards the root with increase of incidence to 
14°. 
At an incidence of 16°  the nature of the pattern had 
changed suddenly, as shown in fig. 9. The simplified lower diagram 
has been lettered for ease of reference. Between A and B a marked 
dividing line was found in the form of a 'herring-bone' pattern. 
This is the line of reattachment after what is probably laminar 
separation at the leading edge. In front of this line the flow 
moved outwards to the leading edge, and collected as a standing 
vortex at F, in the region of peak suction (see reference 4). Behind 
AB the flow moved backwards and joined near C with the flow origin-
ating from the inboard trailing edge to move towards the tip at E. 
Here the flow divided, one section moving backwards and off at the 
tip, the other moving forwards and up at the leading edge to join 
the standing vortex at F. 
At higher incidences the patterns were very similar, but 
with the increase in incidence, D has moved inboard, B has moved 
forward to the leading edge, indicating a further spread of the region 
of turbulent separation which occurred at a = 12°. The standing 
vortex at F has grown in both directions along the leading edge. 
Figs. 10 and 13, call for special comment because the 
patterns were markedly anti-symmetrical. In both cases the 
standing vortex in the starboard wing had appeared to split into 
two. No explanation can be offered for this effect as it was very 
inconsistent. This would have been introduced as a critical 
incidence effect had it appeared only at 16°  incidence, but it was 
also found at 19°. This pattern was produced in two runs out of 
five at 16°  incidence, seeming to occur with no known change of 
conditions, and the effect could not be produced to order. 
/3.3. 	 ... 
- 9 -  
3 . 3 .  T h e  Y a w m e t e r  M e a s u r e m e n t s  
 
A  l i m i t e d  n u m b e r  o f  t h e s e  m e a s u r e m e n t s  w e r e  m a d e  t o  s h o w  
t h e  e f f e c t s  o f  i n c i d e n c e  a t  o n e  p o s i t i o n  o n  t h e  s u r f a c e ,  a n d  t o  
s t u d y  t h e  v a r i a t i o n s  a l o n g  t h e  c h o r d  a n d  s p a n  a t  a n  i n c i d e n c e  o f  1 0
C
.  
F i g .  1 5  s h o w s  t h a t  t h e  o u f l o w  d e v e l o p s  r a p i d l y  
a f t e r  a n  
i n c i d e n c e  o f  a b o u t  b
o  
i s  p a s s e d ,  t h e  a n g l e  o f  o u t f l o w  r e a c h i n g  6 1
o  
f r o m  t h e  f r e e  s t r e a m  d i r e c t i o n  a t  1 2
o  
i n c i d e n c e .  
	
O u t s i d e  t h e  
b o u n d a r y  l a y e r  i n  t h e  l o c a l  f r e e  s t r e a m  a  s l i g h t  i n f l o w  w a s  n o t i c e d  
w h i c h  i n c r e a s e d  w i t h  i n c r e a s e  i n  i n c i d e n c e .  
F i g .  1 6  s h o w s  t h e  i n c r e a s e  o f  b o u n d a r y  l a y e r  t h i c k n e s s  
w i t h  
i n c i d e n c e ,  
a n d  a t  t h e  s a m e  t i m e  t h e  i n c r e a s e d  s p e e d  o f  f l o w  
j u s t  o u t s i d e  t h e  b o u n d a r y  l a y e r .  
	
I n  f i g .  1 7  t h e  c h o r d w i s e  b o u n d a r y  
l a y e r  p r o f i l e s  a r e  c o m p a r e d ,  s h o w i n g  t h a t  a t  z e r o  i n c i d e n c e  t h e  
1 / 7 t h  p o w e r  l a w  w a s  c l o s e l y  f o l l o w e d .  W i t h  i n c r e a s e  o f  i n c i d e n c e  
i t  i s  s e e n  t h a t  t h e  f l o w  a p p r o a c h e d  s e p a r a t i o n  w h i c h  f i n a l l y  o c c u r r e d  
a t  a n  i n c i d e n c e  j u s t  a b o v e  1 0
0 .  
T h e  s p a n w i s e  d i s t r i b u t i o n s  o f  v e l o c i t y  g i v e n  i n  f i g .  1 8  




O u t s i d e  t h e  b o u n d a r y  l a y e r  t h e  s p a n w i s e  c o m p o n e n t  o f  
v e l o c i t y ,  v ,  w a s  
a b o u t  0 . 6 8  o f  t h e  u n d i s t u r b e d  f r e e  s t r e a m  v e l o c i t y ,  w h i c h  i s  c o n s i s -
t e n t  w i t h  a  s l i g h t  i n f l o w  s u p e r i m p o s e d  o n  t h e  s p a n w i s e  c o m p o n e n t  o f  
U
o  
,  w h i c h  i s  1 / 5  	
,  
o r  0 . 7 0 7 .  A t  
( D  
 o f  i n c i d e n c e ,  w h e r e  t h e  c h o r d -
w i s e  b o u n d n r y  l a y e r  p r o f i l e  c l e a r l y  s h o w e d  s e p a r a t i o n ,  v  w a s  n e a r l y  
c o n s t a n t  a t  0 . 6  U
o  
t h r o u g h  a b o u t  B O  p e r  c e n t  o f  t h e  b o u n d a r y  l a y e r  
t h i c k n e s s .  
T h e  r e m a i n d e r  o f  t h e  y a w m e t e r  m e a s u r e m e n t s  a r e  p r e s e n t e d  
i n  f i g s .  1 9  
t o  2 6 .  T h e s e  s h o w  t h e  v a r i a t i o n s  o v e r  t h e  s u r f a c e  a t  
1 0
°   i n c i d e n c e .  	
T h i s  i n c i d e n c e  w a s  c h o s e n  a s  t h e  i n c i d e n c e  j u s t  
p r i o r  t o  c h o r d w i s e  s e p a r a t i o n  o f  t h e  f l o w  a t  0 . 9 5  o f  t h e  c h o r d  a t  
m i d  s e m i - s p a n .  
T h e  t h i c k n e s s  o f  t h e  b o u n d a r y  l a y e r  i n c r e a s e d  s t e a d i l y  
a c r o s s  t h e  c h o r d  r e a d i n g  0 . 0 6 5 c  a t  0 . 9 5  o f  t h e  c h o r d  f o r  t h e  m i d  
s e m i - s p a n  s t a t i o n .  A t  
9 5  
p e r  c e n t  o f  t h e  c h o r d  t h e  b o u n d a r y  l a y e r  
t h i c k n e s s  i n c r e a s e d  s t e a d i l y  o n  m o v i n g  o u t w a r d s  f r o m  t h e  r o o t .  
T h e  c h o r d w i s e  c o m p o n e n t  o f  v e l o c i t y ,  u ,  j u s t  o u t s i d e  t h e  
b o u n d a r y  l a y e r  w a s  f o u n d  t o  d e c r e a s e  a c r o s s  t h e  c h o r d .  T h i s  i s  
a s s o c i a t e d  w i t h  t h e  a d v e r s e  p r e s s u r e  g r a d i e n t  b e h i n d  t h e  p e a k  
s u c t i o n .  T h e  i s o b a r  p a t t e r n  f o r  a  s i m i l a r  
w i n g  
( )  
s h o w e d  t h a t  t h e  
p e a k  s u c t i o n  w a s  c l o s e  t o  t h e  l e a d i n g  e d g e  a n d  e x t e n d e d  o v e r  m o s t  
o f  t h e  s e m i - s p a n .  A t  0 . 9 5  o f  t h e  c h o r d ,  u  s h o w e d  l i t t l e  v a r i a t i o n  
o u t b o a r d  o f  r  =  0 . 3 0 ,  b u t  d e c r e a s e d  s l i g h t l y  n e a r  t h e  r o o t  o f  t h e  w i n g .  
/ O u t s i d e  	
O O V  
*  T h i s  i s  c o n s i s t e n t  w i t h  t h e  a s s u m p t i o n s  o f  R e f .  
5 .  
-10- 
Outside the boundary layer an inflow was found everywhere 
over the wing. At 95 per cent of the chord this inflow increased 
steadily along the semispan, reaching A4,°  at 1 = 0.70. At 1 = 0.50 
this inflow was found to decrease as the trailing edge was approached. 
From these values of inflow outside the boundary layer a nearly 
uniform rate of change of flow direction was noted per unit distance 
from the surface as the surface was approached, such that the outflow 
adjacent to the surface increased with the thickness of the boundary 
layer. 
The chordmise boundary layer profiles deviated steadily 
from the 1/7th power law near the leading edge of the wing to the 
verge of separation near the trailing edge due to the adverse pressure 
gradient across the chord. The tendency to separation was increased 
slightly near the tip, and appreciably decreased inboard of the 
position 1 = 0.30. 
The spanwise components of velocity corresponded roughly 
to the 1/7th power law over the leading three quarters of the chord, 
but some deviation was noticeable close to the trailing edge. Out-
side the boundary layer v varied between 0.67 and 0.70 of Uo. 
4. Conclusions 
4.1. For incidences below 8°  the outflow in the boundary layer 
was found to be small, but it developed rapidly between incidences 
of 8°  and 12°. At 12°  a region of turbulent separation formed at 
the trailing edge near the tip, and with increase in incidence this 
region spread forward and inwards towards the root. At 16°  and 
above what appears to be laminar separation with reattachment 
occurred at the leading edge, and a standing vortex was formed. 
4.2. At 10°  of incidence an approximately constant rate of 
change of flow direction with distance from the surface was found 
through the boundary layer such that the angle of outflow at the 
wing surface was greater where the boundary layer was thickest. 
4.3. The boundary layer thickness grew rapidly across the chord 
and also increased somewhat along the span, especially over the 
inboard half of the semispan. The boundary layer was thus thickest 
at the trailing edge near the tip. 
Spanwise boundary layer profiles showed rough agreement 
with the 1/7th power law, but showed a sudden departure as the angle 
of outflow approached 45°. 
/4.5. 	 ... 
4 . 5 .  T h e  e f f e c t  o f  y a w i n g  c o r r e s p o n d e d  t o  w h a t  o n e  w o u l d  e x p e c t  
f o r  i n c r e a s e d  a n d  d e c r e a s e d  a n g l e s  o f  s w e e p b a c k  o n  t h e  r e a r w a r d  a n d  
f o r w a r d  m o v i n g  h a l f  w i n g s  r e s p e c t i v e l y .  A t  l a r g e  a n g l e s  o f  y a w  
t h e r e  w a s  a  r e g i o n  n e a r  t h e  t i p  o f  t h e  r e a r w a r d  m o v i n g  w i n g  i n  w h i c h  
a  s t r o n g  f o r w a r d  f l o w  o v e r  t h e  l e a d i n g  e d g e  w a s  o b s e r v e d .  
R E L E E N C E S   
N o .  	
A u t h o r  
	
T i t l e  , - t o  
1 .  
J .  
B l a c k  	
N o t e  o n  V o r t e x  p a t t e r n s  i n  t h e  b o u n d a r y  
l a y e r  o f  a  s w e p t  b a c k  w i n g .  
J n l . R o y . A e r o . S o c .  V o l .  5 6 ,  1 9 5 2 ,  p p . 2 7 9 - 2 8 5 .  
2 .  G . G .  B r e b n e r  
	
P r e s s u r e  a n d  B o u n d n r y  L a y e r  M e a s u r e m e n t s  o n  
a  5 9 °  s w e p t b a c k  w i n g  a t  l o w  s p e e d .  
R . A . E .  R e p o r t  N o .  A e r o .  	
2 3 1 1 a .  
A . R . C .  	 C . P .  	 N o .  	 8 6 .  
3 .  
 R . H .  N e i l e y  a n d  L o w  S p e e d  C h a r a c t e r i s t i c s  i n  P i t c h  o f  a .  
W .  K o v e n  
s w e p t b a c k  w i n g  w i t h  A s p e c t  R a t i o  3 . 9  
a n d  c i r c u l a r  a r c  A i r f o i l  S e c t i o n s .  
N . A . C . A .  
	
R . M .  	
1 ,
7 E 2 3  	
( 1 9 4 7 ) .  
4 .   
B a b i s t e r  
M e a s u r e m e n t  o f  t h e  P r e s s u r e  D i s t r i b u t i o n  
o n  s w e p t b a c k  w i n g s  w i t h  t r a i l i n g  e d g e  
s p l i t  f l a p s .  
C o l l e g e  o f  A e r o n a u t i c s  R e p o r t  N o .  4 3 .  
5 .   
A . D .  Y o u n g  a n d  
T h e  P r o f i l e  D r a g  o f  y a w e d  w i n g s  o f  
T . B .  B o o t h  
I n f i n i t e  S p a n .  
C o l l e g e  o f  A e r o n a u t i c s  R e p o r t  N o .  3 8 .  
/ A p p e n d i x  . . .  
P/ 	 Po  
R1 + R2 - 
	
q- 




The Calibration and Use of a Conrad.  Yaw:meter 
If the yawmeter is yawed at an angle 6 from the direction 
of local velocity, pressures p1  and p2  will be recorded by the 
two tubes, and in general 
p1  = p + f (e) q 
p2 = p + f2 (e) q 
where p and q represent the local values of static and dynamic 
pressures respectively. These pressures can be compared with free 
stream values (denoted by the suffix o), and manometer readings can 
thus be presented as 
R1 go 
P2 - Po 
- 
	 qo 
In the calibration of the instrument measurements of RI 
over a range of angles 0 . These results 
It is seen that, over the range —15c iie1150, 
we may write 
P1 - Po R R 1 









- Po  
and 
R2 
and R2 were obtained 
are plotted in fig. 27 
In a particulnr test the local direction of flow is first 
determined by rotating the yawmeter until Ri  = R2  and hence 0 = 0°. 
The values of R1 and R2 are noted, and the yawmeter is then turned 
through 10°. Further values of Ri  and R2  are recorded and 
equation .L.1 gives 
1: 	 go 
PI P 	 P2 - P) (R1  - R2)
0 =I 0 
0  _ 	 = 10.C1. q 2— 
_ 
qo r  10.01  (111 — R2) 	 0  e 0 
Also, equation A.2 gives 
(-131 	 p 
+ ) 	 = 	 + 1 	 2 0=00 
 
- P 	 P-P 
	  + 2. ---- 
 
g. 	 g. 
P-Po 
= 2 C . -9— — 2 2 go 	 go 
/therefore ... 
0 
- 1 3 -  





g   
=  	
( R i  
	
R 2 ) ( 3 1 0 0  
	
c
2  •  c l o  
o  
F o r  t h e  p u r p o s e s  o f  t h e  c a l i b r a t i o n  o f  t h i s  p a r t i c u l a r  
i n s t r u m e n t  p
o  
 a n d  c l o  
 w e r e  d e t e r m i n e d  b y  a  s t a n i i n r d  p i t o t  s t a t i c  
O n l y  o n e  t u n n e l  s p e e d  w a s  c o n s i d e r e d ,  n a m e l y  1 3 0  f t .  s e c . ,  
b u t  w i t h  a  s h a r p  e d g e  t o  p r o m o t e  p e r m a n e n t  o r  i n c i p i e n t  b r e a k a w a y  
f r o m  t h e  n o s e  o f  t h e  y a w m e t e r  a n y  s c a l e  e f f e c t s  o n  t h e  c a l i b r a t i o n  
a r e  n o t  l i k e l y  t o  b e  s e r i o u s .  
T h e  e f f e c t  o f  p i t c h  h a s  a l s o  b e e n  i n v e s t i g a t e d  a n d  w a s  
f o u n d  t o  b e  v e r y  s m a l l .  A n  e r r o r  o f  1 0 °   i n  p i t c h  l e d  t o  a  3  p e r  
c e n t  e r r o r  i n  d y n a m i c  p r e s s u r e .  B r e b n e r
( 2 )  
f o u n d  t h a t  6
°  
 e r r o r  i n  
p i t c h  c a u s e d .  a  1  p e r  c e n t  e r r o r  i n  t h i s  q u a n t i t y .  
COLLEGE OF AERONAUTICS 
REPORT No. 69. 
FIG. 	 I. 
UPPER SURFACE 
0C --- le 
SURFACE TUFT PICTURE 
U P P E R  S U R F A C E  
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 1 2  
S U R F A C E  T U F T S  
1
8  A B O V E  S U R F A C E  
1 4'   A B O V E  S U R F A C E  
3 / 4"  
A B O V E  S U R F A C E  
T H E  C O L L E G E  O F  A E R O N A U T I C S .  
T U F T  I N V E S T I G A T I O N S .  
COLLEGE OF AERONAUTICS 
REPORT No. 69. 	 FIG. 5. 
LAMPBLACK PATTERN ON UPPER SURFACE 
C O L L E G E  O F  A E R O N A U T I C S  
R E P O R T  N o .  6 9 •  
	
F I G .  	 6 .  
L A M P B L A C K  P A T T E R N  O N  U P P E R  S U R F A C E .  
COLLEGE OF AERONAUTICS 
REPORT No. 69. 	
FIG. 	 7. 
LAMPBLACK PAT TERN ON UPPER SURFACE. 
C O L L E G E  O F  A E R O N A U T I C S  
R E P O R T  N o .  6 9 .  
	
F I G .  	
8 .  
L A M P B L A C K  P A T  T E R N  O N  U P P E R  S U R F A C E .  
COLLEGE OF AERONAUTICS 
REPORT No. 69. 	 FIG. 	 St 
LAMPBLACK PATTERN ON UPPER SURFACE. 
C O L L E G E  O F  A E R O N A U T I C S  
R E P O R T  N o .  6 9 .  
	
F I G .  	 1 0 .  
L A M P B L A C K  P A T T E R N  O N  U P P E R  S U R F A C E .  
COLLEGE OF AERONAUTICS 
REPORT No. 69. 
FIG. II. 
LAMPBLACK PATTERN ON UPPER SURFACE. 
C O L L E G E  O F  A E R O N A U T I C S  
R E P O R T  N o .  6 9 .  
F I G .  	
1 2 .  
L A M P B L A C K  P A T T E R N  O N  U P P E R  S U R F A C E .  
COLLEGE OF AERONAUTICS 
REPORT No. 69. 
FIG. 	 13. 
LAMPBLACK PAT TERN ON UPPER SURFACE. 
C O L L E G E  O F  A E R O N A U T I C S  
R E P O R T  N o .  n  
	
F R ; .  
	
1 4 .  
L A M P B L A C K  P A T T E R N  O N  U P P E R  S U R F A C E .  
COLLEGE OF AERONAUTICS 
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ANGLES OF FLOW THROUGH BOUNDARY LAYER. 
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CHORDWISE BOUNDARY LAYER PROFILE. VARIATION WITH 
INCIDENCE. 
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CHORDW1SE BOUNDARY LAYER  PROFILE . 
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ANGLES OF FLOW THROUGH BOUNDARY LAYER. 
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CHORDWISE BOUNDARY LAYEP. PROFILE. VARIATION ALONG SPAN. 
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